Introduction
============

The oral route of drug delivery is considered the most convenient method for the systemic drug delivery because of its high patient compliance. Therefore, the development of novel oral drug delivery methods is a main goal in pharmaceutical research. However, oral formulations have several problems that can influence drug absorption.[@b1-dddt-10-2029],[@b2-dddt-10-2029] For example, the poor water solubility, slow intrinsic dissolution rate, and limited gastrointestinal (GI) permeability of drugs are major factors that affect oral absorption. Furthermore, the GI tract (GIT) has various physiological and anatomical barriers to oral drug delivery that restrict intestinal drug absorption. In addition, various enzymes (eg, esterases and lipases) in the GIT degrade drugs and thus decrease drug absorption. Finally, some drug efflux systems, such as P-glycoprotein (P-gp), in the small intestinal mucosal endothelial cells reduce oral bioavailability because of their ability to efflux various drugs.

To enhance oral bioavailability, some novel drug delivery systems have been designed, including micelles, microspheres, liposomes, nanoemulsions, nanoparticles (NPs), and self-microemulsions.[@b3-dddt-10-2029],[@b4-dddt-10-2029] NPs are solid colloidal particles ranging in size from 1 to 1,000 nm and can be prepared from natural or synthetic polymers. NP drug carriers for oral delivery show great potential because they can deliver poorly water-soluble drugs, target drugs to precise areas of the GIT, and transport drugs across GIT barriers by transcytosis.[@b5-dddt-10-2029] In addition, NPs can improve drug stability and minimize drug degradation, metabolism, and/or cellular efflux, thus enhancing their oral bioavailability.[@b6-dddt-10-2029]

Polymers play a major role in the properties of NPs. Biodegradable polymers such as poly(lactide), poly (lactide-*co*-glycolide) (PLGA), poly(cyanoacrylate), poly(butylcyanoacrylate), and poly(methyl methacrylate) have been explored for potential use in oral drug delivery.[@b7-dddt-10-2029] PLGA is one of the most successfully used biodegradable polymers, and it has minimal systemic toxicity because its metabolite monomers, namely, lactic acid and glycolic acid, are endogenous and easily metabolized by the body via the Krebs cycle.[@b8-dddt-10-2029] Therefore, PLGA has been approved by the US Food and Drug Administration and the European Medicines Agency as part of various drug delivery systems in clinical trials.[@b9-dddt-10-2029] Several studies have utilized PLGA in oral nanodelivery systems with enhanced bioavailability.[@b10-dddt-10-2029]--[@b12-dddt-10-2029]

Acetylpuerarin (AP; [Figure 1A](#f1-dddt-10-2029){ref-type="fig"}) is an acetylated derivative of puerarin (PUE; [Figure 1B](#f1-dddt-10-2029){ref-type="fig"}), an isoflavonoid compound derived from the Chinese medical herb Radix puerariae. Previous studies have demonstrated the protective effects of AP against cerebrovascular ischemia-reperfusion injury in vivo and nerve cell damage induced by oxygen glucose deprivation or lipopolysaccharides in vitro.[@b13-dddt-10-2029]--[@b15-dddt-10-2029] Therefore, AP is considered as a potential drug for the treatment of cerebrovascular diseases. However, AP shows low oral bioavailability because of its poor water solubility.[@b16-dddt-10-2029] We have already successfully prepared D-α-tocopheryl polyethylene glycol 1,000 succinate (TPGS) nanoemulsions and enhanced the oral bioavailability of AP via the mechanism of drug solubilization.[@b15-dddt-10-2029] We have also observed the improvement in the permeability of AP across the blood--brain barrier loaded in PLGA NPs following intravenous administration, and the main mechanisms lie in the endocytosis mediated by low-density lipoprotein receptor and the inhibition of the efflux by P-gp in the brain capillary endothelial cells.[@b17-dddt-10-2029]

Thus, based on our previous studies, we aimed to prepare and characterize AP-loaded PLGA NPs (AP-PLGA-NPs) and to further assess the enhancement in the oral bioavailability of AP using the PLGA NPs in the present study.

Materials and methods
=====================

Materials
---------

The AP sample (purity ≥98%) was a gift from the Shandong Academy of Medical Sciences (Jinan, People's Republic of China). The PUE standard (Batch Number 110752-200912) was acquired from the National Institutes for Food and Drug Control (Beijing, People's Republic of China). PLGA (lactide/glycolide =50:50, molecular weight =10,000 Da) was obtained from Jinan Daigang Biomaterial Co., Ltd. (Jinan, People's Republic of China). Polysorbate 80 (Tween 80) was purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, People's Republic of China). Chromatographic-grade methanol and acetonitrile were obtained from Fisher Scientific (Fair Lawn, NJ, USA). The dialysis membrane was purchased from Viskase Company, Inc. (Darien, IL, USA). All the other chemicals and solvents used in this study were of analytical grade.

Wistar rats were supplied by the Laboratory Animal Center of Shandong University (Jinan, People's Republic of China).

Preparation of AP-PLGA-NPs
--------------------------

AP-PLGA-NPs were prepared using a solvent diffusion method. Briefly, the organic phase was prepared by dissolving 18 mg of PLGA and 7 mg of AP in 1 mL of acetone under sonication at room temperature. The resulting organic phase was then poured into 4 mL of stirred aqueous phase containing 1% polysorbate 80. To evaporate the organic solvent, the formed oil-in-water (O/W) emulsion was continuously stirred with a magnetic stir bar at 800 rpm at 40°C for 12 hours. The final suspension was subsequently filtered through a 0.8 µm pore-size membrane.

Experimental design and formulation optimization
------------------------------------------------

The NP formulation was optimized by a combination of uniform design (UD) and response surface methodology (RSM). The UD is typically displayed as a table, which is named a UD table. The UD table can be described as *U~n~*(*q^m^*), where *U*, *n*, *q*, and *m* stand for the UD, the number of experimental trials, the number of levels, and the maximum number of factors, respectively.[@b18-dddt-10-2029] In this study, the PLGA concentration (*X*~1~), the volume ratio of the aqueous phase to the oil phase (*X*~2~), and the AP feeding amount (*X*~3~) were chosen as three independent variables in the process of formulation optimization on the basis of preliminary experiments, the encapsulation efficiency (EE) and drug loading (DL) were taken as the evaluation indexes, and the UD table *U*\*~12~ (12[@b10-dddt-10-2029]) was used for this experimental design. The factors and levels are presented in [Table 1](#t1-dddt-10-2029){ref-type="table"}.

A regression analysis using IBM SPSS 19.0 (IBM Corp., Armonk, NY, USA) was carried out to fit the mathematical model to the experimental data, and the interactive effects of the independent variables on the dependent ones were illustrated by three-dimensional (3D) and two-dimensional (2D) contour plots.

Characterization of AP-PLGA-NPs
-------------------------------

### Particle size and zeta (ζ)-potential

Particle size and ζ-potential were measured using a Zetasizer 3000HSA instrument (Malvern Instruments Ltd., Malvern, UK). The prepared samples were dispersed in distilled water at 25°C and diluted 20-fold. The size distribution was measured using the polydispersity index (PI). Experiments were conducted in triplicate.

### Morphological examination by transmission electron microscopy

In conjunction with the phosphotungstic acid-based negative dyeing method, transmission electron microscopy (TEM) was used to observe the morphology of the prepared NPs. In brief, a droplet of NP suspension was placed on a copper grid, the excess liquid was drained onto filter paper, and the grid was dried at room temperature. The copper grid was stained for 2 minutes in a 2% phosphotungstic acid solution, and then the morphology of the NPs was observed using TEM (H-7000, Hitachi Company, Tokyo, Japan).

### EE and DL

The EE and DL of drug-loaded NPs were determined using an ultrafiltration centrifugation method previously described.[@b19-dddt-10-2029] The free AP was separated from the PLGA NP suspension using centrifugal filter tubes (Amicon Ultra-4, Millipore Corporation, Bedford, MA, USA) with a molecular weight cutoff of 10,000 Da. In brief, 0.1 mL of suspension was added into an ultracentrifugal filter tube. The suspension was then diluted 20-fold with distilled water and then centrifuged at 3,000× *g* for 30 minutes at room temperature. The total AP in the suspension and the free drug in the filtrate were determined by high-performance liquid chromatography (HPLC) at 250 nm. The EE and DL of the PLGA NPs were calculated based on the following equations: $$\text{EE}\% = \frac{W_{t} - W_{f}}{W_{t}} \times 100\%$$ $$\text{DL}\% = \frac{W_{t} - W_{f}}{W_{t} - W_{f} + W_{\text{PLGA}}} \times 100\%,$$where *W~t~* is the total AP in the NP suspension, *W~f~* is the free drug (AP not loaded in the NPs), and *W*~PLGA~ is the feeding amount of PLGA.

### In vitro release study

The in vitro release study was performed using a dialysis bag diffusion method.[@b20-dddt-10-2029] An aliquot (0.5 mL) of sample was dispensed into a dialysis bag (cellulose membrane, molecular weight cutoff of 10,000 Da), and the dialysis bag was incubated in 40 mL of phosphate-buffered saline (pH 7.4) containing 1% polysorbate 80 (w/v) to maintain a sink condition. The speed of the shaking bath was maintained at 200 rpm at 37°C. At predetermined time intervals, 1 mL of the external medium was removed for analysis and then replaced with the same volume of release medium. An AP-propylene glycol solution control was prepared following the same method described previously.[@b21-dddt-10-2029]

The AP concentration in the release medium was determined using a high-performance liquid chromatography (HPLC) instrument (Agilent 1200, Agilent Technologies, Santa Clara, CA, USA). The chromatographic separation was performed on an Eclipse XDB C~18~ column (250×4.6 mm, 5 µm; Agilent Technologies) at 25°C. The mobile phase consisted of a mixture of 0.1% phosphoric acid solution and methanol (40:60, v/v). The flow rate of the mobile phase was 0.7 mL/min. The eluent was detected using a UV detector at 250 nm.

Pharmacokinetic studies in rats
-------------------------------

Pharmacokinetic studies of the test (optimized AP-PLGA-NPs) and control (AP suspension containing 0.1% CMS-Na) formulations were conducted in male Wistar rats (200--250 g). After fasting for 12 hours with free access to water, the rats were randomly divided into two groups (n=6 in each group) by weight and were orally administered AP formulations at a dose of 30 mg/kg. At 0.25, 0.5, 0.75, 1, 1.5, 2, 4, 6, 8, and 12 hours after administration, 0.3 mL of blood sample was collected from the jugular vein into a heparinized tube. Plasma samples were obtained after centrifugation at 3,000× *g* for 10 minutes and then stored at −20°C prior to analysis.

AP was metabolized to PUE after oral administration in our previous study,[@b15-dddt-10-2029] so our present pharmacokinetic study was based on the quantification of PUE in the rat plasma. The plasma concentration of PUE was determined using a validated liquid chromatography--tandem mass spectrometric method, as described in our previous report.[@b22-dddt-10-2029] In short, the plasma samples were pretreated by precipitating the protein using a mixture of methanol and acetonitrile (50:50, v/v). The chromatographic separation was carried out on a CAPCELL PAK C~18~ MGIII column (150×2.0 mm, 5 µm; Shiseido, Kanagawa, Japan) in which the mobile phase consisted of a mixture of 0.1% formic acid in water (containing 5 mM ammonium formate) and methanol (35:65, v/v). The analyte was detected using an API 4000 triple-quadrupole mass spectrometric instrument (Applied Biosystems, Framingham, MA, USA) in multiple reaction monitoring mode. The precursors to the product ion transitions of *m*/*z* 417.5→297.6 and 271.3→153.0 were used to quantify PUE and the internal standard (genistein), respectively. The weighted (*W*=1/*x*^2^) calibration curve was linear over a plasma concentration range of 2.5--5,000 ng/mL, with a regression equation of $$y = 2.42 \times 10^{- 4}x + 2.65 \times 10^{- 5}(r = 0.9959)$$

The results of precision, accuracy, extraction recovery, matrix effects, and sample stability were found to be within the accepted variable limits.

The rats used in the experiments received care according to University Unit for Laboratory Animal Medicine guidelines. All animal experiments complied with the requirements of the National Act on the Use of Experimental Animals (People's Republic of China) and were conducted using protocols approved by the Shandong University Institutional Animal Care and Use Committee.

Data analysis and statistics
----------------------------

Pharmacokinetic parameters were calculated following statistical moment theory using Drug and Statistics (DAS) software (version 2.0, Chinese Pharmacological Society, Xicheng, Beijing, People's Republic of China). The maximum plasma concentration (*C*~max~) and the time to the maximum concentration (*T*~max~) were obtained directly from the concentration-time plots.

The results are expressed as the mean ± standard deviation. Statistical significance was determined by one-way analysis of variance for measurement data and the Mann--Whitney *U*-test for enumeration data using IBM SPSS 19.0 (IBM Corp.). Results with *P*\<0.05 were considered statistically significant.

Results and discussion
======================

Preparation of AP-PLGA-NPs
--------------------------

A schematic diagram of AP-PLGA-NPs is shown in [Figure 2](#f2-dddt-10-2029){ref-type="fig"}. Solvent diffusion is a widely applied method for NP preparation, and the O/W emulsion technique is a simple method for encapsulating a hydrophobic drug.[@b23-dddt-10-2029],[@b24-dddt-10-2029] In this method, both the drug and biodegradable polymer are first dissolved in a water-miscible organic solvent (eg, acetone), and then the resulting organic phase is emulsified in an aqueous solution containing an appropriate emulsifier. Finally, the volatile solvent is removed from the emulsion by evaporation. In the present study, because AP is a hydrophobic drug, the O/W emulsion technique was the first choice for its encapsulation.

As mentioned in the "Introduction" section, PLGA is one of the most widely applied biodegradable polymers.[@b9-dddt-10-2029] In addition to its commercial availability and its approval in numerous biomedical and pharmaceutical products for human use in both the USA and Europe, PLGA has good solubility in numerous organic solvents, further accounting for its wide use.[@b25-dddt-10-2029] Moreover, the polymer's properties, such as water uptake and degradation time, can be adjusted based on the selected molecular weight and the lactide/glycolide ratio. Commonly, a higher lactide/glycolide ratio in the polymer can lead to slower degradation. It has been reported that an in vitro degradation time of 4--6 weeks can be achieved using PLGA 50:50 with a relatively low molecular weight.[@b26-dddt-10-2029] In addition, PLGA 50:50 has a degree of hydrophilicity because of its higher glycolide content, which allows water molecules to enter the particle matrix and thus hydrates the polymer, leading to faster drug diffusion through the particle matrix.[@b26-dddt-10-2029] Based on biodegradation and drug diffusion considerations, PLGA 50:50 with a molecular weight of 10,000 Da was used in the present study.

Polysorbate 80 (polyoxyethylene 20 sorbitan monooleate) is a hydrophilic, nonionic surfactant because the polyoxyethylene groups are hydrophilic; however, the C18 chain of oleic acid constitutes a lipophilic group, so polysorbate 80 can dissolve or solubilize hydrophobic drugs.[@b27-dddt-10-2029] In addition to its ability to solubilize the poorly water-soluble AP, polysorbate 80 was utilized in the current study because it acts as an effective emulsifier and stabilizer in the preparation of NPs.[@b23-dddt-10-2029] In the NP preparation, the C18 chain of polysorbate 80 is partitioned into the polymer matrix via hydrophobic interactions; however, the hydrogen bonding between the polyoxyethylene group of polysorbate 80 and the carboxyl group of PLGA leads to the covering of polysorbate 80 on the surface of the NPs,[@b26-dddt-10-2029] which prevents further aggregation among the formed particles by steric repulsion and results in stabilized NPs.[@b28-dddt-10-2029] In addition, in a previous study,[@b29-dddt-10-2029] the smallest NP size was achieved with the application of polysorbate 80 compared with the use of other surfactants (including sodium dodecyl sulfate, macrogol 6000, sodium carboxymethyl cellulose, and sodium carboxymethyl dextran). Furthermore, polysorbate 80 is known to be an inhibitor of P-gp, the membrane protein responsible for transporting xenobiotics back into the extracellular space.[@b30-dddt-10-2029] P-gp is localized in many tissues, particularly in the capillary endothelial cells of the brain and the columnar epithelial cells of the lower GIT. P-gp forms a major physiological barrier and limits drug entry into systemic circulation from the small intestine, leading to poor oral bioavailability.[@b31-dddt-10-2029] In the present study, the prepared NPs were coated with polysorbate 80, which potentially enhanced oral absorption of the drug by inhibiting the efflux by P-gp.

Formulation optimization
------------------------

The EE and DL results from the experiments based on UD are presented in [Table 1](#t1-dddt-10-2029){ref-type="table"}. Quadratic polynomial equations with high correlation coefficients for the EE ([Equation 4](#fd4-dddt-10-2029){ref-type="disp-formula"}) and DL ([Equation 5](#fd5-dddt-10-2029){ref-type="disp-formula"}) were fit, and all of the dependent variables were found to be well described: $$\begin{array}{l}
{Y_{\text{EE}}\% = - 11.388X_{1} - 20.598X_{2} + 0.21X_{1}^{2}} \\
{\mspace{54mu} + 0.629X_{2}^{2} - 0.225X_{3}^{2} + 0.375X_{1}X_{2}} \\
{\mspace{54mu} + 279.84\ (r^{2} = 0.99,P < 0.01)} \\
\end{array}$$ $$\begin{array}{l}
{Y_{\text{DL}}\% = 2.327X_{2}–0.020X_{1}X_{2}–0.382X_{2}X_{3}} \\
{\mspace{54mu} –1.012X_{3}^{2} + 16.602X_{3}–46.994\ } \\
{\mspace{54mu}(r^{2} = 0.96,P < 0.01)} \\
\end{array}$$

The variables *X*~1~, *X*~2~, and *X*~3~ represent the PLGA concentration, the volume ratio of the aqueous phase to the oil phase, and the AP feeding amount, respectively.

The 3D response surface plots and its corresponding 2D contour plots were obtained based on the model regression equation ([Equations 4](#fd4-dddt-10-2029){ref-type="disp-formula"} and [5](#fd5-dddt-10-2029){ref-type="disp-formula"}, respectively) using the Origin-Pro software (version 9.0, OriginLab, Northampton, MA, USA). Because a response surface plot can only express a function of two variables,[@b32-dddt-10-2029] in this study, we held one of the three variables at the intermediate level within its range to evaluate the influences of the other two variables and their interactions. By keeping variable *X*~1~ at the intermediate level (18 mg/mL), the combined effects of variable *X*~2~ and *X*~3~ on the DL were investigated. As shown in [Figure 3A](#f3-dddt-10-2029){ref-type="fig"}, the DL value increased as variable *X*~3~ increased. Similarly, by keeping the variable *X*~2~ and *X*~3~ at the intermediate level, respectively, the combined effects of the other two variables were observed in the response surface and contour plots ([Figure 3B and C](#f3-dddt-10-2029){ref-type="fig"}). Based on this comprehensive analysis, we found that the DL value was greatly influenced by variable *X*~3~. We therefore maintained variable *X*~3~ at its highest level (7 mg) and overlaid the DL and EE contour plots. Naturally, the common parts (green areas) of the contour plots ([Figure 4](#f4-dddt-10-2029){ref-type="fig"}) were the optimal areas for the variables *X*~1~ and *X*~2~. Considering all factors, including higher DL and EE values as well as AP solubility, the optimized results were as follows: *X*~1~=18 mg/mL, *X*~2~=4, *X*~3~=7 mg.

Compared to the traditional experimental design methods used in RSM, such as central composite design, UD is capable of selecting experimental points uniformly in the experimental region and highly representative in the experimental domain and can be used to investigate more factors with substantially fewer experimental trials, because it determines the number of experimental trials only by the level of factors, rather than by the number of factors.[@b18-dddt-10-2029],[@b33-dddt-10-2029] A combination of UD and RSM can achieve the optimization of a complex multivariate process with the fewest multilevel experiments.[@b34-dddt-10-2029] Therefore, a combination of UD and RSM was used in this study to optimize the formulation of AP-PLGA-NPs.

The final mathematical model was verified experimentally. The predicted results from the model for EE and DL were 86.54% and 16.80%, respectively, whereas the respective experimental results were 90.51% and 17.07%. The low bias indicated that UD combined with RSM was a good predictor of the NP preparation.

Characterization of the NPs
---------------------------

### Particle size and size distribution

The average particle size of the prepared NPs was 145.0±1.3 nm, with a PI value of 0.153 ([Figure 5A](#f5-dddt-10-2029){ref-type="fig"}). The PI represents NP stability and uniformity of formation. The PI value reflects the particle size distribution; samples with a wider range of particle sizes have higher PI value, whereas samples consisting of evenly sized particles have lower PI value.[@b35-dddt-10-2029] In our study, a low PI value of 0.153 indicates the uniformity and stability of the prepared samples.

Particle size is an important parameter that influences the biodistribution and pharmaceutical properties of particle preparations. Particle uptake is generally considered size dependent, as the uptake of smaller particles is easier.[@b36-dddt-10-2029] However, the cellular uptake of NPs has an optimal size range. It was reported[@b37-dddt-10-2029] that NPs within the 100--200 nm size range had the best properties for cellular uptake, and smaller-sized (50 nm) or larger-sized (≥500 nm) particles had reduced uptake, indicating the existence of an optimal range and a key role for size in the extent of the uptake. It is assumed that particles up to \~100--200 nm in size can be internalized by receptor-mediated endocytosis and that larger particles may be taken up by phagocytosis.[@b38-dddt-10-2029] In addition, in oral delivery, NPs smaller than 200 nm may minimize reticuloendothelial system clearance.[@b39-dddt-10-2029] Thus, we can presume that the prepared NPs could be efficiently taken up after oral administration.

### ζ-potential

The mean ζ-potential of the AP-PLGA-NPs was found to be −14.81±1.39 mV ([Figure 5B](#f5-dddt-10-2029){ref-type="fig"}), whereas that of the empty NPs was −36.13±3.35 mV. The negative ζ-potential of empty NPs results from the free end of the carboxyl group in PLGA,[@b37-dddt-10-2029] and the change in surface charge for drug-loaded NPs may be caused by the positive charge of the oxonium salt of AP. ζ-Potential is an essential property that influences the physical stability of a colloidal dispersion because the electrostatic repulsion between the particles can prevent aggregation of the spheres and thus stabilize particle suspensions.[@b40-dddt-10-2029]. It has been found that particles with a negative charge can be taken up by the Peyer's patches in the mucus-secreting lining of the small intestine and can then be translocated into the systemic circulation.[@b41-dddt-10-2029]

### Morphology

The morphological characteristics of the NPs were observed using TEM. As shown in [Figure 5C](#f5-dddt-10-2029){ref-type="fig"}, the prepared AP-PLGA-NPs were spherical and uniform in shape with a smooth surface, which was consistent with the data for the particle size distribution.

### EE and DL

As mentioned earlier, high EE of 90.51% and DL of 17.07% were obtained under the optimized experimental conditions. Many factors may affect EE and DL including polymer and drug affinity, drug solubility, internal volume of the hydrophobic matrix, drug and polymer natures, and drug concentration in the formulation.[@b42-dddt-10-2029] In the present study, AP is a water-insoluble drug and can be easily encapsulated in the hydrophobic matrix. Studies showed that a higher concentration of PLGA generally led to higher EE and also affected the correlation between the drug and the polymer.[@b42-dddt-10-2029],[@b43-dddt-10-2029] An increase in the drug/polymer ratio resulted in an increased EE. This relationship was confirmed in our study, where PLGA NPs had a drug/polymer ratio of \~1:3 (7 mg drug and 18 mg polymer).

### In vitro release

The release profiles of the AP-PLGA-NPs and AP-propylene glycol solution are shown in [Figure 6](#f6-dddt-10-2029){ref-type="fig"}. The release of AP from the controlled propylene glycol solution was found to be much faster, with \~90% released in 4 hours, whereas only 38% of the drug was released from the PLGA NPs in the same period. In addition, less than 90% of the drug was released from the PLGA NPs after 48 hours, indicating sustained drug release. The release profile of the AP-PLGA-NPs showed a biphasic pattern, with an initial burst release followed by a sustained release phase. The initial burst release was attributed to the weakly bound or absorbed drug on the surface of the NPs. Thereafter, the release rate decreased, reflecting the release of the drug entrapped in the NPs. The slower release in the second phase may be controlled by the drug diffusion rate across the polymer matrix or by the degradation of the polymer.[@b36-dddt-10-2029]

The release kinetics were characterized by fitting the data obtained from the in vitro release study to standard model release equations, and *r* values were calculated to check the best model fit. The AP-propylene glycol solution was found to have a higher *r* value (0.95) for the first-order kinetic model, which meant that the drug release was concentration dependent, whereas the release pattern of the AP-PLGA-NPs followed Higuchi's model, suggesting diffusion-controlled release.[@b44-dddt-10-2029]

Pharmacokinetics in rats
------------------------

The metabolite PUE was identified and determined in the rat plasma after oral administration of the AP formulations. As shown in [Figure 7](#f7-dddt-10-2029){ref-type="fig"}, at all time points, the plasma concentrations of PUE in the test group (AP-PLGA-NPs) were significantly higher than those in the control group (AP suspension). At 12 hours postadministration, the mean plasma concentration of PUE in the rats treated with AP-PLGA-NPs was maintained at a high level of 97.00±12.45 ng/mL, whereas in the rats treated with AP suspension, the concentration was only 7.64±2.44 ng/mL.

The pharmacokinetic parameters of PUE are presented in [Table 2](#t2-dddt-10-2029){ref-type="table"}. The *T*~max~ value of PUE was 1.13±0.31 hours for the AP-PLGA-NPs and 1.83±0.29 hours for the AP suspension, indicating that more rapid drug absorption was achieved using the PLGA NPs. The elimination half-life (*t*~1/2~) value of PUE in the test group was 3.07±0.18 hours, which was much longer than the 1.41±0.21 hours value found in the control group, suggesting a prolonged residence time for the AP-PLGA-NPs in rats. The area under the plasma concentration-time curve (AUC~0−∞~) and the *C*~max~ values of PUE in the test group were 6,175.66±350.31 h ng/mL and 1,301.13±101.41 ng/mL, which were 2.75 and 1.78 times greater than those in the control group, respectively. This increase demonstrates a significant enhancement in drug absorption.

The results indicate that PLGA NPs can accelerate the absorption of PUE but delay its elimination in rats, thus increasing the AUC and enhancing the oral bioavailability of the drug. The improvement in bioavailability may be attributed to the following causes: A lipophilic drug or lipid formulation can be delivered to the systemic circulation without suffering hepatic first-pass effects from intestinal lymphatic transport.[@b45-dddt-10-2029],[@b46-dddt-10-2029] In the present study, the PLGA NPs transported the loaded drug to the intestinal lymphoid tissue after absorption through the M cells in Peyer's patches and thereafter into systemic circulation through the mesenteric lymph ducts, thus enhancing drug absorption.[@b47-dddt-10-2029]The large surface area of the NPs allows more drugs to interact with the GIT fluid, leading to more drug dissolution and absorption.[@b48-dddt-10-2029]The PLGA NPs protect the entrapped drug from GIT degradation as well as gut wall metabolism, ensuring drug stability in the GIT before absorption.[@b49-dddt-10-2029]The bioadhesive properties of the polymer contribute to the increased rate of absorption. It has been reported that particles synthesized from polymers such as PLGA could achieve mucoadhesion via hydrogen bonding, polymer entanglements with mucins, hydrophobic interactions, or a combination of these mechanisms, which could lead to a prolonged residence time in vivo and improved oral bioavailability of drugs.[@b50-dddt-10-2029]Use of the surfactant polysorbate 80 in the NP preparation can solubilize the drug in the digestion medium, inhibit the efflux by P-gp in the endothelial cells of the intestinal mucosa, and help the drug-loaded NPs to penetrate the mucus barriers, resulting in further improvement of drug absorption.[@b30-dddt-10-2029]

In our previous study,[@b15-dddt-10-2029] the AUC value of AP in D-α-tocopheryl polyethylene glycol 1,000 succinate (TPGS) nanoemulsions was 5,760±560 ng h/mL; however, a higher AUC value of 6,175.66±350.31 h ng/mL was achieved in the present study using PLGA NPs, indicating a higher oral absorption. The possible reason could be that polysorbate 80 coated on the PLGA NPs inhibited the efflux by P-gp and thus enhanced drug absorption.

Conclusion
==========

In the present study, AP-PLGA-NPs were successfully prepared using a solvent diffusion method optimized with a combination of UD and RSM. The NPs were characterized in terms of their morphology, particle size, ζ-potential, EE, DL, and in vitro drug release. The AP-PLGA-NPs showed an initial burst release followed by a sustained release in vitro, consistent with Higuchi's diffusion mechanism. The oral pharmacokinetic study in rats indicated that the PLGA NPs greatly prolonged the drug residence time and increased the drug absorption in rats after oral administration, and the AP-PLGA-NPs showed a 2.75-fold increase in relative bio-availability compared with the AP suspension. These findings indicate that, as an oral drug delivery system, PLGA NPs can significantly enhance the oral bioavailability of AP.
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![Chemical structures of (**A**) AP and (**B**) PUE.\
**Abbreviations:** AP, acetylpuerarin; PUE, puerarin.](dddt-10-2029Fig1){#f1-dddt-10-2029}

![Schematic diagram of the AP-PLGA-NPs.\
**Abbreviations:** AP, acetylpuerarin; PLGA, poly(lactide-*co*-glycolide); NPs, nanoparticles.](dddt-10-2029Fig2){#f2-dddt-10-2029}

![Response surface and contour plots showing the effects of the PLGA concentration, the volume ratio of the aqueous phase to the oil phase, and the AP feeding amount on the DL.\
**Notes:** (**A**) PLGA concentration kept constant at 18 mg/mL; (**B**) AP amount kept constant at 5.5 mg; (**C**) volume ratio of the aqueous phase to the oil phase kept constant at 10. i) Response surface plot; ii) contour plot.\
**Abbreviations:** AP, acetylpuerarin; DL, drug loading; PLGA, poly(lactide-*co*-glycolide).](dddt-10-2029Fig3){#f3-dddt-10-2029}

![Overlaid contour plots showing the effects of the PLGA concentration and the volume ratio of the aqueous phase to the oil phase on the DL and EE.\
**Notes:** The green regions represent the common parts of the overlaid DL and EE contour plots. The green region on the right was the optimized area for both the DL and the EE.\
**Abbreviations:** DL, drug loading; EE, encapsulation efficiency; PLGA, poly(lactide-*co*-glycolide).](dddt-10-2029Fig4){#f4-dddt-10-2029}

![Characterization of the prepared AP-PLGA-NPs.\
**Notes:** (**A**) Distribution of particle size; (**B**) distribution of ζ-potential; (**C**) TEM photograph of AP-PLGA-NPs.\
**Abbreviations:** AP, acetylpuerarin; PLGA, poly(lactide-*co*-glycolide); NPs, nanoparticles; TEM, transmission electron microscopy.](dddt-10-2029Fig5){#f5-dddt-10-2029}

![In vitro release profiles of AP-PLGA-NPs and AP-propylene glycol solution in phosphate-buffered saline containing 1% polysorbate 80 (pH 7.4) at 37°C (mean ± SD, n=3).\
**Abbreviations:** AP, acetylpuerarin; PLGA, poly(lactide-*co*-glycolide); NPs, nanoparticles; SD, standard deviation.](dddt-10-2029Fig6){#f6-dddt-10-2029}

![Mean PUE plasma concentration-time profiles following oral administration of AP formulations (n=6).\
**Note:** The error bars represent standard deviation values.\
**Abbreviations:** AP, acetylpuerarin; PLGA, poly(lactide-*co*-glycolide); NPs, nano-particles; PUE, puerarin.](dddt-10-2029Fig7){#f7-dddt-10-2029}

###### 

Experiment based on uniform design and the observed EE and DL results

  Run   Factors   Observed results               
  ----- --------- ------------------ --- ------- -------
  1     12        8                  7   73.33   14.00
  2     12        16                 6   68.97   13.60
  3     12        8                  5   79.80   12.10
  4     16        16                 4   75.00   10.14
  5     16        8                  7   63.40   13.62
  6     16        16                 6   70.73   11.49
  7     20        4                  5   86.72   10.38
  8     20        12                 4   66.19   8.61
  9     20        4                  7   84.18   17.41
  10    24        12                 6   69.79   10.42
  11    24        4                  5   85.22   10.48
  12    24        12                 4   76.01   7.10

**Notes:** *X*~1~, the PLGA concentration; *X*~2~, the volume ratio of the aqueous phase to the oil phase; *X*~3~, the AP feeding amount.

**Abbreviations:** AP, acetylpuerarin; DL, drug loading; EE, encapsulation efficiency; PLGA, poly(lactide-*co*-glycolide); UD, uniform design.

###### 

Pharmacokinetic parameters of PUE following oral administration of AP formulations (mean ± SD, n=6)

  Parameter             AP suspension     AP-PLGA-NPs
  --------------------- ----------------- --------------------------------------------------------------
  AUC~0--∞~ (h ng/mL)   2,243.08±520.36   6,175.66±350.31[\*](#tfn3-dddt-10-2029){ref-type="table-fn"}
  MRT~0--∞~ (h)         2.81±0.17         5.01±0.23[\*](#tfn3-dddt-10-2029){ref-type="table-fn"}
  *t*~1/2~ (h)          1.41±0.21         3.07±0.18[\*](#tfn3-dddt-10-2029){ref-type="table-fn"}
  *T*~max~ (h)          1.83±0.29         1.13±0.31[\*](#tfn3-dddt-10-2029){ref-type="table-fn"}
  CL (L/h/kg)           13.80±2.79        4.87±0.28[\*](#tfn3-dddt-10-2029){ref-type="table-fn"}
  *C*~max~ (ng/mL)      731.83±95.79      1,301.13±101.41[\*](#tfn3-dddt-10-2029){ref-type="table-fn"}

**Notes:**

*P*\<0.01 vs AP suspension. Statistical significances were determined as follows: MRT, *t*~1/2~, and CL: one-way ANOVA; AUC and *C*~max~: one-way ANOVA following logarithmic transformation; *T*~max~: Mann--Whitney *U*-test.

**Abbreviations:** ANOVA, analysis of variance; AP, acetylpuerarin; PLGA, poly(lactide-*co*-glycolide); NPs, nanoparticles; AUC~0--∞~, area under the plasma concentration-time curve; MRT~0--∞~, mean residence time; PUE, puerarin; *t*~1/2~, elimination half-life; *T*~max~, time to maximum concentration; CL, plasma clearance; *C*~max~, maximum plasma concentration; SD, standard deviation.
